The stability of typical vanadium flow battery (VFB) catholytes was investigated at temperatures in the range 30-60 • C for V V concentrations of 1.4-2.2 mol dm −3 and sulfate concentrations of 3.6-5.4 mol dm −3 . In all cases, V 2 O 5 precipitates after an induction time, which decreases with increasing temperature. Plots of the logarithm of induction time versus the inverse of temperature (equivalent to Arrhenius plots) show excellent linearity and all have similar slopes. The logarithm of induction time also increases linearly with sulfate concentration and decreases linearly with V V concentration. The slopes of these plots give values of concentration coefficients β S and β V5 which were used to normalize induction times to reference concentrations of sulfate and V V . An Arrhenius plot of the normalized induction times gives a good straight line, the slope of which yields a value of 1.791 ± 0.020 eV for the activation energy. Combining the Arrhenius equation with the observed variation with sulfate and V V concentrations, an equation was derived for the induction time for any catholyte at any temperature in the range investigated. Although the mechanism of precipitation of V V from catholytes is not yet well understood, a precise activation energy can now be assigned to the induction process. The rapid growth of renewable electricity generation from intermittent sources such as solar photovoltaic and wind is driving a need for advanced, cost-effective, electrical energy storage (EES) technologies.
The rapid growth of renewable electricity generation from intermittent sources such as solar photovoltaic and wind is driving a need for advanced, cost-effective, electrical energy storage (EES) technologies.
1-3 Redox flow batteries 4-11 (RFBs) have attracted much interest for large-scale energy storage due to advantages over other EES technologies, and research activities in this area have grown exponentially in recent years. 12, 13 The energy storage capability and power output of a flow battery, unlike conventional batteries, can be scaled independently to suit the desired application. 7 Other advantages 14 include a high degree of safety, long lifetime, potentially low capital costs, high reliability and relatively high energy efficiency.
Among the numerous systems that have been studied, the vanadium flow battery (VFB), also known as the vanadium redox flow battery (VRFB), is commonly regarded as one of the most promising. [5] [6] [7] [15] [16] [17] The chemistry of this system is perhaps the most thoroughly characterized and the cell design has been considerably optimized. 2, 18, 19 It has seen the widest commercial deployment 17 and systems as large as 250-1000 kWh have been demonstrated. 20 Compared to other flow battery systems, VFBs have the additional advantage that crosscontamination due to transport through the separating membrane is effectively eliminated because the anolyte and catholyte differ only in the oxidation state of the vanadium. 21 As a result, electrolyte maintenance issues are reduced; in theory, the electrolyte is indefinitely reuseable. Furthermore, if rebalancing of the system is required the electrolytes in the two reservoirs can be mixed with each other. Since aqueous vanadium species are highly colored, the vanadium concentrations and state-of-charge of both sides of a VFB may be precisely monitored using ultraviolet-visible (UV-vis) spectroscopy. 22, 23 Active areas of research on VFBs include cell design and modeling, 7, 24, 25 performance and state-of-charge (SoC) monitoring, 22, 23, [26] [27] [28] [29] [30] coulombic and energy efficiencies, 31, 32 electrolytes, 29, 30, 33, 34 membranes, 35 and electrodes. 10, The solubility of each of the vanadium species, V II generally their solubility increases with temperature and decreases with increasing acid concentration. 69 The predominant V V species 70 present in strongly acidic solutions is the pervanadyl ion VO 2 + . The solubility of vanadium (V) oxide, V 2 O 5 , at the pH of typical VFB catholytes is ∼0.1 mol dm −3 or less 71 and so VO 2 + is expected to be thermodynamically unstable in solution with respect to precipitation as V 2 O 5 . Nevertheless, catholytes with high concentrations of V V (> 1.5 mol dm −3 ) in sulfuric acid can persist for very long periods of time. The stability of these metastable solutions (VFB catholytes) decreases, as expected, as the concentration of V V increases. 72 This is reflected in a lowering of stability at a particular vanadium concentration as the SoC (i.e. the fraction of vanadium present as V V ) of the catholyte increases. 33 Stability improves with increasing concentration of sulfate 73 and in the presence of certain additives 6, 74 such as H 3 PO 4 .
Although several studies 33, [72] [73] [74] [75] [76] [77] [78] have been reported on the stability of V V in the catholyte of VFBs and several mechanisms of precipitation have been proposed, 75, 76 there is a lack of detailed kinetic studies of the process leading to precipitation and of quantitative analysis of the variation with temperature. Recently, we communicated a preliminary report 79 which shows that precipitation of V V from sulfuric acid solution occurs after an induction time that increases exponentially with the inverse of temperature, i.e. shows Arrhenius behavior. 80 In this paper we report more detailed investigation and analysis of this behavior and present a comprehensive model for the stability of V V in acidic sulfate electrolytes.
Arrhenius Analysis
When a typical VFB catholyte is held at constant temperature it eventually precipitates V 2 O 5 after an induction time τ which depends on the temperature. The kinetics of the processes occurring in solution during the induction period are not easy to characterize, and the nature of these processes is not yet well understood. However the induction time τ may be measured 79 with good precision simply by observing the time at which the first precipitate forms and, as indicated above, we have shown that the logarithm of the induction time increases linearly with the inverse of temperature. Thus, using the Arrhenius equation we can analyze the effect of temperature on the kinetics based on the measured induction times. In this section, we discuss the theoretical underpinnings of such an analysis. Fig. 1a schematically represents the progress of the process occurring in the catholyte during the induction period in terms of an extent of reaction α. For a general kinetic rate law
where t is time, T is temperature, f(α) is some function of α, and k(T) is the temperature-dependent rate constant, the Arrhenius equation may be written as
where A is a constant called the pre-exponential term, E # is the apparent activation energy and k B is Boltzmann's constant. [80] [81] [82] [83] [84] [85] Thus
For any given value of α and two temperatures T and T 0
and so
Since the extent of reaction α is a strictly increasing function of time t, we can consider t to be a well-defined function of α. This is represented in Fig. 1b , which shows a schematic plot of t versus α corresponding to the plot of α versus t in Fig. 1a . The derivative (δt/δα) of the curve in Fig. 1b is
A schematic plot of (δt/δα) is shown in Fig. 1c . We now consider a system in an initial state represented by an extent of reaction α = α 1 at t = t 1 . At a temperature T 0 , the time interval τ 0 for this system to reach (at t = t 2 ) an extent of reaction α = α 2 may be expressed as
(see Fig. 1c ). Similarly if the system were at a temperature T, the time to progress from α = α 1 to α = α 2 would be
from Equation 6 . Since T and T 0 are constant for the integration, Equation 8 becomes where
The value of D depends only on T and T 0 and so Equation 11 represents a principle that we call the proportionality of corresponding times: 83 for given temperatures T and T 0 the corresponding times τ and τ 0 are related by the same proportionality factor D for all choices of (α 1 ,α 2 ). We note that if the average rate of the process during the induction period τ at temperature T is r = δα δt avg,T = α 2 − α 1 τ and r 0 is the value of r at temperature T 0 , then
The fact that D is independent of choice of the initial and final states, α 1 and α 2 , enables a straightforward Arrhenius analysis of a rate process where observations are possible only for a limited number of states. [83] [84] [85] From Equation 10,
where
Thus, in the present case, we can measure the time interval τ between the initial state α 1 when the sample is set to the test temperature and the final state α 2 at which precipitation is observed to occur. We assume that the system passes through intermediate states but we cannot directly observe these states in our investigation. In fact we cannot determine any specific rate law for the reaction and we can only speculate on the actual processes or reactions that are occurring during the induction period. Nevertheless, we can measure the induction time τ at a series of temperatures T. According to Equation 12 , a plot of ln τ versus 1/T should give a straight line if the apparent activation energy E # is constant over the temperature range. From the slope m = E # k B of this plot we can determine a value of E # ; the intercept on the ln τ axis is B.
Experimental
Solutions of V IV were prepared from VOSO 4 and H 2 SO 4 (vanadyl (IV) sulfate hydrate 97% and sulfuric acid 98% obtained from Sigma Aldrich). Stock solutions of V V were prepared by electrochemical oxidation of the V IV solution in a flow cell at room temperature (∼20 • C) using carbon felt electrodes and a Nafion membrane. End-points were determined by monitoring the potential (using 1.3 V vs Ag/AgCl at 10 mA cm −3 as end point) and verified by color changes in the electrolyte. These solutions were stored at ∼4
• C and used to prepare series of other concentrations of V V by dilution with known concentrations of H 2 SO 4 . Because samples were relatively small (∼10 cm 3 ), volumes were measured by weighing and converting to volume by accurately measured densities. Vanadium concentrations were determined against standard 0.1 N KMnO 4 (Fisher Scientific) and H 2 SO 4 concentrations were determined against standard 0.1 N KOH (SigmaAldrich). Water was distilled and deionized to a resistivity of >18 M cm.
In a typical experiment, 0.8 cm 3 samples of solutions with selected concentrations of V V and sulfate c were placed in small glass vials (7 cm in length × 4.6 mm internal diameter). The vials were then immersed in a thermostatic water bath which had been equilibrated at a selected temperature and the time of immersion was recorded: the solution temperature reached a value within 0.1 K of the bath temperature in ∼60 s. The time at which precipitation was observed in each of the separate vials was subsequently recorded. The waterbath reservoir was made of transparent glass and was illuminated from underneath by a lamp so that the solution in the vial was very clearly visible and the first signs of precipitation could be observed. 79, 86 Since the measured induction times ranged from 2.7 × 10 3 s to 5.9 × 10 5 s, the worst-case uncertainty due to temperature ramp-up was less than ∼2%, and much less in most cases.
Results and Discussion
Variation of induction time with temperature. -Fig. 2 shows a sequence of images of vials of V V solution incubated in the water bath for different times at 60
• C. Fig. 2a shows a vial before immersion in the water bath. Fig. 2b , obtained after the vial had been in the water bath for 1500 s, shows no visible change in the solution. Fig. 2c , after 1740 s, shows some change from (a) and (b) in that there is a small amount of scattered light (slightly cloudy appearance). However  Fig. 2d , after 2190 s, shows a very obvious change with a lot of scattered light giving a cloudy appearance. Careful observation of the vial in Fig. 2d shows signs of precipitation and, in fact, a precipitate settles to the bottom when the solution is allowed to stand for some hours. This does not happen with the other vials (Figs. 2a-2c ). These images were obtained by removing the vials from the water bath and back-lighting them using a long, horizontal fluorescent tube behind a slotted metal screen. However, the change observed in Fig. 2d , corresponding to the onset of precipitation, can also be observed by direct visual observation in the transparent water bath (as described in the Experimental section) and the time at which precipitation occurs can be precisely determined in this way.
Series of experiments were carried out in which the induction time for precipitation was measured as described above for a range of temperatures. Typical results are shown in Fig. 3 where the logarithm of induction time for a typical catholyte sample is plotted against the inverse of temperature. As discussed above, this is equivalent to an Arrhenius plot. It can be seen that good linearity is obtained over the temperature range investigated • C), indicating that the process occurring during the induction period is kinetically controlled and that its activation energy is constant over this temperature range. From the slope, m = 2.072 × 10 4 K, of the graph the activation energy (E # = mk B where k B is Boltzmann's constant) is estimated to be 1.79 eV (172 kJ mol −1 ). Similar experiments were carried out for other catholyte compositions (various concentrations of V V and sulfate). The resulting Arrhenius plots (similar to that in Fig. 3 ) are shown in Fig. 4 for a range of concentrations of V V at each of three different concentrations of sulfate. The slopes and intercepts of the least-squares best-fit lines of the Arrhenius plots for the various catholyte compositions are shown in Table I . All of the lines have similar slopes: the average slope of the lines with six or more data points is (2.116 ± 0.061) × 10 4 K representing a standard deviation of less than 3%. This indicates that the activation energy does not change significantly for the range of compositions investigated (∼1.4 mol dm
and ∼3.7 mol dm −3 < [S] < ∼5.4 mol dm −3 ). It is also clear from Fig. 4 that the induction time decreases with increasing concentration of V V at any given concentration of sulfate. Arrhenius plots at a vanadium concentration of 1.66 mol dm −3 for each of three sulfate concentrations are compared in Fig. 5 ; it is clear that induction time increases with increasing concentration of sulfate. A similar trend can be observed at other concentrations of V V (see Fig. 4 ).
Effect of concentrations of sulfate and V
V .-The effect of sulfate concentration was investigated in more detail in an additional series of experiments at a constant V V concentration of 1.76 mol dm −3 . The results of these experiments are shown in Table II . To quantitatively compare the induction times at the different sulfate concentrations, a comparison temperature of 50
• C (T c = 323.15 K) was selected. The measured induction time τ T at each temperature was converted to the logarithm of the induction time ln τ Tc at the comparison temperature by the equation
using the average value of Arrhenius slope m = 2.116 × 10 4 K from Table I . The resulting values of ln τ Tc are shown in Table II and are plotted against sulfate concentration in Fig. 6 . A good fit to a straight line is obtained. This indicates that the logarithm of the induction time increases linearly with the sulfate concentration, i.e., the induction 
where τ is the induction time and [S] is the total concentration of sulfate. The slope of the least-squares best-fit line in Fig. 6 gives a value of β S = 2.073 mol −1 dm 3 . Since the Arrhenius slope does not vary significantly with concentration of V V , this value of β S holds for all temperatures in the range investigated. We call β S the sulfate concentration coefficient of induction time.
We can use β S to estimate values of ln τ standardized to a selected sulfate concentration [S] R from the values measured at a concentration [S] M at the same temperature. Thus, at any given V V concentration the standardized value of ln τ is where of τ M is the value of τ measured at a sulfate concentration [S] M . But ln τ M can be expressed by the Arrhenius Equation
and so [18] where m and B are the Arrhenius slope and intercept, respectively, measured for an electrolyte with sulfate concentration [S] M . Using Equation 18 we estimated standardized values of ln τ R for each of the solutions in Table I from its measured Arrhenius parameters B R and m with β S = 2.073 mol −1 dm 3 . These values, referenced to a sulfate concentration [S] R = 4.5 mol dm −3 and a temperature of 50
• C, are plotted against V V concentration in Fig. 7 . A good fit to a straight line is obtained, indicating that the logarithm of the induction time decreases linearly as the V V concentration increases. The slope of this line is the fractional rate of variation of induction time with V V concentration
where [V V ] is the concentration of V V . The slope of the least-squares best-fit line in Fig. 7 gives a value of β V5 = -3.434 mol [20] Using Equation 20, all measured values of ln τ (summarized in Tables  I and II) 
Equation 23 
[25] and Fig. 9 where induction time is plotted against temperature for a series of catholytes, each with a total sulfate concentration of 4.5 mol dm −3 . As expected, the induction time decreases rapidly with temperature. The induction time also decreases with increasing concentration of V V . Thus, for example, at 30
• C a 1.6 mol dm −3 V V solution is expected to be stable for ∼40 days while a 1.4 mol dm −3 V V solution is expected to be stable for ∼82 days. Likewise, while a 1.6 mol dm −3 V V solution is stable for ∼40 days at 30
• C, it is stable for only ∼5 days at 40
• C. Similar stability curves for several sulfate concentrations, each with a total V V concentration of 1.5 mol dm −3 , are shown in Fig. 10 . As in Fig. 9 , the induction time decreases rapidly with increasing temperature. However, the induction time at any given temperature increases with increasing concentration of sulfate.
Such diagrams may be useful in predicting the stability of the catholyte in VFBs since they quantify the stability of V V solutions of various compositions, as a function of temperature, using the induction time as a metric: the longer the induction time, the more stable the solution.
Other observations.-Some experiments were also carried out at lower concentrations of vanadium ([V V ] < 1.4 mol dm −3 ). The results are compared in Fig. 11 with corresponding results at higher Only a limited number of experiments were carried out, but in general, these suggested that the Arrhenius slopes (activation energies) at lower concentration of V V were somewhat higher. However, further work is necessary to more precisely quantify these effects.
Experiments on the effect of V IV on the precipitation of V V are made difficult by the formation 22, 23, 27 of a strongly absorbing mixedvalence complex, V 2 O 3 3+ , which darkens the solution at relatively low concentrations of V IV and makes visual observation of the early stages of precipitation difficult. We carried out some experiments with relatively low concentrations of V IV (∼10% of total vanadium) and these suggest that the induction time may be slightly increased by the presence of V IV . However, the effect appeared to be quite small and further work is necessary to more precisely quantify it.
The mechanism of the processes leading to precipitation of V V from catholytes 8, 34, 69, [87] [88] [89] is not well understood. The pervanadyl ion 
